Abstract: A chirped laser dispersion spectroscopy system based on quantum cascade laser is presented. We demonstrate its application to remote open-path monitoring of atmospheric N 2 O.
Introduction
Laser-based spectroscopy plays an important role in various applications including environmental and industrial monitoring, medical diagnostics and security [1] . Most of optical trace-gas sensors are based on detection of sample absorption. The absorption signal is typically measured as a small variation of the received optical intensity. Thus, intensity noise and changes in received optical power will impede performance of such systems. This is especially important in open-path sensing configurations when the amount of power that reaches the photodetector can strongly fluctuate due to changes in environmental conditions (e.g. due to atmospheric turbulence). Recently we have introduced a chirped laser dispersion spectroscopy (CLaDS) [2] , which allows for quantitative trace-gas detection based on dispersion sensing and provides high immunity to changes in the level of detected optical power. Therefore CLaDS is well suited for remote open-path sensing of trace gases.
In this paper we present performance of a CLaDS system applied to remote, open-path monitoring of atmospheric nitrous oxide (N 2 O). The sensor utilizes a quantum cascade laser (QCL) operating around 2208 cm -1 and targeting the most intense ro-vibrational lines of N 2 O. A new detection scheme based on chirp modulation (CM)-CLaDS enables sensitive and baseline-free sensing. System performance evaluated in the lab as well as during a field deployment will be presented.
CM-CLaDS setup for open-path sensing
An optical layout of CM-CLaDS system for remote chemical sensing is shown in Fig. 1 . Laser source is a thermoelectrically (TEC) cooled distributed feedback QCL. Laser radiation is divided into two beams that are sent through an acousto-optical modulator (AOM) used as a frequency shifter. Both 1 st order diffracted beams (up-and downshifted by Ω = 50 MHz) are combined into one using a Mach-Zehnder arrangement and launched towards a distant retro-reflector. A telescope is used to collect and focus the returning radiation onto a fast TEC-cooled mercury-cadmium-telluride (MCT) photodetector. As the laser frequency is chirped, the dispersion around the target molecular transition produces a frequency modulation of the heterodyne beatnote at the carrier frequency of 2×Ω. An RF spectrum analyzer (Tektronix, RSA6106A) is used to perform FM-demodulation of the beatnote and retrieve dispersion profile. The detected signal is proportional to the analyte concentration. In CM-CLaDS laser is additionally chirped with a sinusoidal waveform at frequency f and the instantaneous frequency of the beatnote is analyzed using phase sensitive lock-in detection. The measurement is performed at 2nd harmonic of modulation frequency f (in the presented system f = 100 kHz). 2f spectrum reaches its maximum at the peak of molecular transition, which in combination with an active laser frequency locking to the center of the transition can be used for continuous monitoring of the sample concentration. To perform the frequency lock we have placed an uncoated CaF 2 wedge between QCL and AOM to outcouple a small amount of laser radiation that is directed through a reference gas cell and focused onto a second MCT photodetector. The zero-crossing at the center of the line observed at the 3rd harmonic component of the signal was used as to provide an error signal for the frequency locking active feedback loop.
To demonstrate CM-CLaDS capabilities in environmental trace-gas monitoring a prototype sensor was deployed at the University of Maryland, Baltimore County (UMBC) campus near Baltimore, MD (39°15′20″ N, 76°42′11″ W) between Oct 25 th and Oct 30 th , 2011. The transportable system (24″×36″×48″) was placed in non-airconditioned building and through an open window the laser radiation was directed towards a distant retroreflector outside the building (Fig. 2) yielding a total optical path of ~71 m. An example of a 2f CM-CLaDS spectrum is shown in Fig. 3a . We have targeted transition that has no interference from other molecules and produces clear, baseline-free spectrum. The system was operated in the frequency-locked mode to enable continuous monitoring of N 2 O. The RF beatnote power was recorded simultaneously (Fig. 3c) , which allowed monitoring the changes in optical transmission caused by environmental conditions and optomechanical drift of the setup. As shown in Fig. 3b , the CM-CLaDS signal has shown high immunity to fluctuations of the received laser power and allowed for undisturbed concentration monitoring even with a significant (more than 20dB) drop in optical transmission due to water condensation on the retroreflector. The data are currently being analyzed and will be cross-compared with other sensor system based on multi-pass cell and WMS (similar to [3] ) measuring N 2 O at this site. In the N 2 O data shown in Fig. 3b some correlation between rainfalls and measured N 2 O signal can be noticed, which is consistent with expected natural N 2 O emissions. A substantial increase of N 2 O concentration on Oct 29 th was also recorded by the other co-located sensor. The system performance observed in the laboratory as well as in the field test has been very consistent and the details of those tests will be presented. 
Conclusions
A transportable CM-CLaDS sensor designed for open path N 2 O monitoring is presented. Instrument enables baseline-free, sensitive trace-gas detection with high immunity to variations in the received optical power. Performance during field deployment was similar to one observed in laboratory and proved CLaDS suitability for open-path sensing in the presence of large changes in environmental conditions.
